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Krzysztof B LAŻEJCZYK3
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Abstract: Thermal stress indices play a vital role in evaluating human health risks re-

lated to heat and cold. Mean Radiant Temperature (MRT), derivable from numerical

weather prediction (NWP) models, is a critical input for many such indices. This re-

search generates high-resolution (5.5 km× 5.5 km) MRT estimates across Europe using

the CERRA NWP system. We evaluate different computational approaches, benchmark

the high-resolution MRT against the established ERA5-HEAT dataset, and validate re-

sults using BSRN ground observations. The study focuses on diverse European envi-

ronments. Our high-resolution MRT product demonstrates comparable performance to

ERA5-HEAT over flat terrain but offers substantial accuracy gains over complex terrain,

including mountainous and coastal regions. These findings highlight the value of en-

hanced spatial resolution for accurate MRT estimation, crucial for robust thermal stress

assessment and contributing to improved environmental health and safety strategies.

Key words: thermal stress, MRT, NWP, CERRA, ERA5, ERA5-HEAT, Europe, high-
resolution

1. Introduction

Mean radiant temperature (MRT) is a key variable in human biometeorol-
ogy, influencing thermal comfort and stress (Höppe, 1999; McGregor, 2012).
Accurate MRT estimations are essential for various applications, includ-
ing public health assessments, urban planning, and climate change impact
studies (Krüger, 2021). Accurate estimations of Mean Radiant Temperature
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(MRT) become increasingly important for understanding and mitigating the
impacts of thermal stress on human populations due to the rise of global
temperatures and urbanisation. Inaccurate MRT estimations can result in
assessments of thermal comfort, potentially impacting building design, ur-
ban planning, and public health interventions.

Traditionally, MRT has been estimated using in-situ measurements from
instruments like globe thermometers or pyrgeometers (ISO 7726:1998, 1998;
Thorsson et al., 2007; VDI, 2008). These methods often have limited spa-
tial coverage and may be affected by local environmental factors (B lażejczyk
and Kunert, 2011). More recently, remote sensing techniques have been
employed to estimate MRT, utilising satellite data to derive thermal stress
indices (Wang et al., 2020). While remote sensing offers broader spatial cov-
erage, it can be limited by temporal resolution and atmospheric interference
(Voogt and Oke, 2003). Empirical models have also been developed based
on relationships between MRT and readily available meteorological vari-
ables, such as air temperature and radiation parameters (Gál and Kántor,
2020). These models provide simplicity and computational efficiency; how-
ever, they may not fully capture the complexity of MRT variations, partic-
ularly in urban environments (Lindner-Cendrowska and Baranowski, 2023;
Vanos et al., 2021).

Numerical Weather Prediction (NWP) models have become valuable
tools for estimating MRT. They offer advantages over traditional measure-
ment methods by providing data that is spatially continuous and tempo-
rally dynamic (Di Napoli et al., 2020b). The growing availability of high-
resolution NWP data can greatly enhance the accuracy of MRT estima-
tions. This is especially important for regions with diverse topography and
complex urban areas. The ERA5-HEAT dataset, derived from the ERA5
reanalysis, is commonly utilised for estimating mean radiant temperature
(MRT). However, its spatial resolution of approximately 31 km by 31 km
may restrict its capacity to capture detailed variations in MRT, particularly
in regions with complex terrain or distinct microclimates (Di Napoli et al.,
2021).

This study explores the potential of the Copernicus European Regional
ReAnalysis (CERRA) to enhance MRT quantification (Ridal et al., 2024).
The study aims to assess and compare the computation of MRT using
CERRA system outputs, contrasting it with the established ERA5-HEAT
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dataset. Furthermore, it aims to examine different methodologies utilised in
calculating MRT components. Specifically, the investigation focuses on two
distinct approaches: firstly, integrating the cosine of solar zenith angle over
forecast steps using Gauss–Legendre quadrature versus employing sunlit-
average; and secondly, comparing the direct component of solar downward
radiation obtained from Numerical Weather Prediction models against com-
puted values. The effectiveness of these combinations is evaluated through
validation against station data sourced from the Baseline Surface Radiation
Network. The analyses are based on case studies from January and July
2017. This study contributes to advancing our understanding of MRT com-
putations (from intermodel and methodological differences) and emphasises
the potential advantages of utilising enhanced spatial resolution in such
analyses.

2. Data and methods

2.1. Copernicus European Regional ReAnalysis (CERRA)

The enhanced spatial resolution MRT was computed using radiation outputs
from the CERRA NWP systems, which are part of the Copernicus Climate
Change Service (C3S) and accessed from the Climate Data Store (CDS)
(Schimanke et al., 2021). CERRA, developed as part of the Uncertainties in
Ensembles of Regional Reanalyses (UERRA) project (http://www.uerra.
eu/), aims to improve regional climate reanalysis for Europe and north-
ern Africa. It consists of two components: the HARMONIE-ALADIN sys-
tem and the MESCAN-SURFEX system. The HARMONIE-ALADIN sys-
tem, with a horizontal resolution of 5.5 km and 106 vertical levels, uses
3-dimensional Variational Data Assimilation and incorporates boundary
conditions from the ECMWF global reanalysis v5 (ERA5) (Hersbach et
al., 2020). The MESCAN-SURFEX system, with a spatial resolution of
5.5 km, employs 2-dimensional Variational Data Assimilation to improve
surface analyses (Soci et al., 2016; Bazile et al., 2017). These systems offer
a comprehensive approach to regional climate reanalysis, integrating both
atmospheric and surface dynamics.

CERRA variables are available as both analysis and forecast products
(Ridal et al., 2024; Schimanke et al., 2021). The reanalysis is available with
3-hour timesteps. CERRA radiation data are accumulated fluxes over fore-

183



Skrynyk O. et al.: Intermodel and method comparison of mean radiant . . . (181–200)

cast timesteps since the last analysis, and the values were resampled us-
ing subtractions of 1, 2, and 3 lead time hour forecasts to achieve 1-hour
timesteps accumulations. The reanalysis is accessible with temporal cover-
age from September 1984 to the present (currently June 2021). Thus, the
time step is set to 1 hour, and the spatial resolution is 5.5 km× 5.5 km.

2.2. Methodology for MRT calculation

MRT from NWP models could be computed using five long-wave and
shortwave radiation fluxes at the surface: thermal downward radiation
(Ldn

surf ) and its upwelling counterpart (Lup
surf); direct (Sdn,directsurf ) and diffuse

(Sdn,diffusesurf ) solar downward radiation and its upwelling counterpart (Sup
surf).

In the CERRA system, the upwelling components are absent and could be
computed by subtracting the net radiations from downwards assuming the
radiation budget equals 0. The same applies for diffuse solar downward
radiation, which could also be computed from downwards by subtracting
the total sky direct component; see Hogan (2015) for more details. The ac-
cumulated fluxes were divided by the accumulation period to convert into
radiation means (Wm−2).

The methodology recently applied in ERA5-HEAT for MRT calculations
was followed (Di Napoli et al., 2020b). The cosine of solar zenith angle
(cossza) is the crucial variable in the MRT regression function. The sim-
plest way to calculate is to use the instantaneous formula:

µ0 = sin δ sinφ+ cos δ cosφ cos h , (1)

from solar declination angle (δ), latitude (φ) and the hour angle in the local
solar time (h = T + λ + π), where T is the solar time in radians and λ is
longitude (Hogan and Hirahara, 2015, 2016). µ0 is clipped to 0 when the
sun is below the horizon.

The instantaneous cossza with the accumulated radiation variables from
NWPs overestimates MRT when cossza is close to 0, i.e. when the accu-
mulation time includes sunrise or sunset hours (Di Napoli et al., 2020b).
This happens because radiation in NWPs are usually accumulated fluxes
over time (Jm−2), thus cossza must be integrated over the forecast steps to
account for variations in solar angles over time.

In this paper, sunlit-average and Gauss–Legendre quadrature integration
methodologies were compared. The sunlit-average cosine of the solar zenith
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angle, i.e. average over the sunlit share of the timeframe was proven to be
efficient (Hogan and Hirahara, 2016) and is currently used in the ERA5-
HEAT dataset:

µ0m = sin δ sinφ+
cos δ cosφ (sinhmax − sinhmin)

hmax − hmin

, (2)

The Gauss–Legendre quadrature method (Brimicombe, et al., 2022b; Hogan
and Hirahara, 2015) is expressed as:

∫ hmax

hmin

f(x)dx ≈

hmax − hmin

2

n
∑

i=1

ωif

(

hmax − hmin

2
ξi +

hmax + hmin

2

)

. (3)

Here, f(x) is the instantaneous cossza, ωi is weight factor for the numerical
integral and ξi is the coordinate of interval boundaries.

In the CERRA system, the direct radiation is represented as the total sky
direct shortwave radiation at the surface. To isolate the direct component
from the Sun (I∗), this total needs to be divided by cossza:

I∗ =
Sdn,directsurf

cossza
, (4)

where, cossza > threshold (needs to be defined). Different thresholds were
tested for CERRA (0.001, 0.01, 0.03, 0.05, 0.07 and 0.1). These findings
have practical implications for MRT computation. For instance, even with
the integrated quadrature cossza, there’s a risk of overestimating MRT when
cossza approaches 0. This understanding can guide future research and im-
prove the accuracy of MRT calculations in numerical weather prediction
models.

Despite using Sdn,directsurf directly from CERRA NWP, MRT estimates were
also tested using calculated total direct shortwave radiation (fdir) from
surface thermal downward radiation, initially written in Fortran and C
(Liljegren et al., 2008) and rewritten in Cython for Python implementation
– PyWBGT library (Kong and Huber, 2022) using the exponential ratio:

fdir =







exp(3− 1.34S∗
− 1.65/S∗) for cossza = 89.5◦,

0 for cossza > 89.5◦,
(5)
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where S∗ is the solar irradiance, S, normalised by the maximum possible
solar irradiance outside the atmosphere, Smax (S∗ = S/Smax).

The radiation outputs provided by the CERRA NWP system are suitable
for calculating MRT, as shown in Eq. (6) (Di Napoli et al., 2020b):

MRT∗ =
1

σ

{

fa L
dn
surf + fa L

up
surf

[

air
εp

+
(

fa S
dn,diffuse
surf + fa S

up
surf + fp I

∗

)

]}0.25

, (6)

where:

– σ represents the Stefan-Boltzmann constant (5.67× 10−8W/m2K4);

– air denotes the absorption coefficient of the body surface area irradiated
by solar radiation, typically assumed as 0.7;

– εp represents the emissivity of the clothed human body, generally as-
sumed as 0.97;

– fa is an angle factor set to 0.5, corresponding to the assumption that the
surroundings of a human body consist of lower and upper hemispheres
(ground and sky), which is valid for macro-scale applications beyond
urban settings;

– fp is the surface projection factor.

2.3. Validation against ERA5-HEAT dataset and BSRN station
data

MRT derived within the ERA5-HEAT dataset was obtained from C3S CDS
(Di Napoli et al., 2020a) and based on radiation components from ERA5
(Hersbach et al., 2018). The methodology behind the dataset was (Di
Napoli et al., 2020b) and summarised in a subsequent paper (Di Napoli
et al., 2021). It was developed with the same spatial (0.25◦ × 0.25◦, ap-
prox. 31 km× 31 km) and temporal resolution (1 hour) from 1 January
1940 to the present as ERA5.

ERA5-HEAT and CERRA-derived MRT were validated against MRT
computed using in-situ measurements of radiation variables from Basile
Surface Radiation Network (BSRN) station data (Driemel et al., 2018).
This network was selected because it can measure radiation variables that
are equivalent to those in NWPs. The radiation variables are provided in
Wm−2 for each timestamp. Thus, the instantaneous cossza was applied for
MRT computation and then averaged over the forecast step. The 4 available
stations for the CERRA domain are available, namely: Cabauw (CAB) in
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the Netherlands, Toravere (TOR) in Estonia, Payerne (PAY) in Switzerland
and Izaña (IZA) in Tenerife, Spain (Table 1).

Table 1. Elevation of Basile Surface Radiation Network stations compared to ERA5 and
CERRA nearest neighbour grid point.

Label Station Location Elevation (m) ERA5 (m) CERRA (m)

CAB Cabauw The Netherlands 0.0 −0.6 0.6

TOR Toravere Estonia 70.0 75.0 74.9

PAY Payerne Switzerland 491.0 792.0 480.4

IZA Izaña Tenerife, Spain 2372.9 807.0 2290.1

The inter-comparison and validation are based on case studies from one
winter and one summer month (January and July 2017). ERA5 data were
densified for comparison purposes and resampled on CERRA coordinates
using nearest neighbour interpolation. The validation was performed us-
ing standard metrics of Taylor diagrams: standard deviation, coefficient of
determination, and root mean squared deviation. Additionally, the bias of
MRT from NWPs against observations was compared. For consistency with
previous findings (Di Napoli et al., 2020b) and a better alignment between
the models and in-situ data, the values were averaged in 3-hour steps. All
calculations and analyses were conducted within a Python environment,
with significant contributions from the recently published xclim and ther-
mofeel libraries (Bourgault et al., 2023; Brimicombe et al., 2022a).

3. Results

3.1. Integration methods of the cosine of the solar zenith angle

Comparing the integration methods of the cosine of the solar zenith an-
gle (cossza) shows significant differences in estimates (Fig. 1). Specifically,
using the average cosine of the solar zenith angle over the sunlit portion
of the timeframe (sunlit-average cossza) results in lower integrals for Jan-
uary and higher integrals for July compared to the Gauss-Legendre quadra-
ture integration (quadrature cossza) over forecast steps. These differences
are consistent across all timestamps and throughout the evaluated cossza
range. Notably, sunlit-average calculations tend to underestimate MRT dur-
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Fig. 1. Quadrature vs sunlit-average cossza.

ing winter months and overestimate it during summer months, with lower
discrepancies observed in January and higher differences in July. Particu-
larly during sunrise and sunset hours, the disparities are magnified, which
could have an even bigger effect on MRT estimations.

3.2. Spatial comparison of CERRA’s vs ERA5-HEAT mean radi-
ant temperature

MRT derived from all implementations of CERRA’s NWP systems gen-
erally exhibited lower values compared to those from ERA5-HEAT in Jan-
uary 2017 (Fig. 2). However, there were instances where ERA5 yielded lower
MRT than CERRA in specific regions (Figs. 2E,G,I). Across the entire study
domain, the MRT differences resulting from various method combinations
(including quadrature and sunlit average cossza, as well as using direct
components of shortwave radiation from the model and calculated) were
found to be comparable to each other. Notably, the MRT differences from
the sunlit-average approach did not exceed 0.4 ◦C (Figs. 2F and H), whereas
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Fig. 2. Mean of daily minimum MRT (◦C) from A) ERA5-HEAT, B) CERRA quadrature,
C) CERRA sunlit-average, D) CERRA sunlit-average with calculated fdir and subsequent
mean differences (E = B−A, F = C−D, G = C−A, H = C−B, I = D−A, respectively)
in January 2017.

those from quadrature cossza and calculated direct radiation (fdir) exhibited
slightly larger discrepancies. These patterns persisted consistently through-
out the CERRA domain.

Conversely, the MRT derived from CERRA’s NWP systems generally
depicted higher values than ERA5-HEAT in July 2017, with differences
mostly ranging within 10C. However, there were exceptions, particularly in
some areas of northern Africa, where ERA5-HEAT indicated slightly higher
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Fig. 3. Mean of daily maximum MRT (◦C) from A) ERA5-HEAT, B) CERRA quadrature,
C) CERRA sunlit-average, D) CERRA sunlit-average with calculated fdir and subsequent
mean differences (E = B−A, F = C−D, G = C−A, H = C−B, I = D−A, respectively)
in July 2017.

MRT than CERRA (Fig. 3). The introduction of the new quadrature cossza
method resulted in marginally significant MRT differences (< 1 ◦C) com-
pared to January, with higher differences observed in the northern parts and
lower differences in the southern regions of the CERRA domain (Fig. 3H).
Additionally, when the direct radiation component was calculated, the MRT
values were notably lower than those approximated directly from CERRA’s
NWP, with differences ranging from 0 to 6 ◦C across various regions (Fig. 3).
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3.3. Sensitivity of mean radiant temperature to the cosine of the
solar zenith angle

The cosine of the solar zenith angle constitutes a pivotal element in the
MRT regression function derived from NWP models. As previously men-
tioned, when the cosine of the solar zenith angle approaches 0, the function
tends to yield significant MRT errors, resulting in unexpectedly high val-
ues. Therefore, determining an appropriate threshold for dividing cossza be-
comes imperative, where values below the threshold necessitate setting the
direct solar radiation component (istar) equal to the total sky direct solar
radiation (fdir). In the case of quadrature cossza, a threshold of 0.1 may be
too large, as evidenced by the pronounced step observed in January, while a
threshold of 0.03 already yields visibly elevated MRT values in July. Thus,
a threshold of 0.05 emerges as a reasonable compromise, avoiding significant
steps in January and preventing higher-than-expected MRT values in July.
Conversely, when quadrature cossza is utilised in conjunction with calcu-
lated fdir (rather than direct values from the NWP), a higher threshold of
0.1 may be warranted. For the sunlit-average cossza method, the threshold
could be set as small as 0.001, effectively mitigating the generation of arti-
ficially high MRT values in both January and July 2017.

Direct solar radiation from the CERRA system gives a higher MRT ex-
tremes than calculated fluxes (calc. fdir) and ERA5 (Fig. 4).

3.4. Validation against observations

The validation process was conducted using data from the Baseline Surface
Radiation Network, revealing a strong agreement between the models and
station observations. MRT derived from the CERRA models exhibited a
performance comparable to ERA5-HEAT in January 2017 (Fig. 5). The
coefficient of determination (R2

≈ 0.9) demonstrated consistency across all
CERRAmethods and ERA5-HEAT, indicating robust agreement. However,
when assessed using other metrics such as root mean square error (RMSE)
and standard deviation (STD), similar performance was observed for mod-
els across stations situated on flat terrain (Cabauw and Toravere). Notably,
the CERRA NWP models showcased improved accuracy and reduced un-
certainty in MRT estimates for elevated stations, particularly evident at
sites like Payerne and Izaña, where the RMSE decreased from 10 for ERA5-
HEAT to less than 5 for CERRA models.
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Fig. 4. Sensitivity of mean radiant temperature from cosine of solar zenith angle in July
2017. ERA5 MRT interpolated on CERRA coordinates to obtain the same density of
data values.

MRT estimates from CERRA models surpassed those from ERA5-HEAT
across all stations in July 2017 (Fig. 6). This superiority was consistently
demonstrated across all metrics, including standard deviation, root mean
square error, and coefficient of determination, indicative of enhanced pre-
cision, accuracy, and reduced uncertainty attributable to CERRA NWP.
Similarly, minimal disparities were observed between the quadrature and
sunlit-average cossza integration methods. When the fdir is calculated, the
loss of quality is visible and could be important for MRT extremes.

3.5. Bias of mean radiant temperature

The bias between MRT derived from NWPs and observations was as-
sessed. For stations situated on flat terrain, such as Cabauw and Tora-
vere, both ERA5-HEAT and CERRA exhibited comparable mean biases,
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with both NWPs slightly underestimating MRT. Notably, ERA5-HEAT
showed a slight advantage over CERRA, particularly evident at Toravere
station, where the former model exhibited approximately 1 ◦C lower bias.
Conversely, the CERRA system demonstrated a significant improvement
in MRT precision compared to ERA5-HEAT for stations located at higher
elevations, with biases averaging around 0 ◦C. Notably, ERA5-HEAT exhib-
ited underestimation for the Payerne station in Switzerland (approximately
−3 ◦C) and overestimation for the Izaña station in Tenerife, Spain (approx-
imately +3 ◦C).

The results depicted in Fig. 7 illustrate the mean bias of MRT from
NWPs against observations for July 2017. Similar precision outcomes were
observed for the winter period, albeit with notable differences. Specifically,
in winter, ERA5-HEAT showed even higher overestimation for the Izaña
station (approximately +9 ◦C, not shown). Unexpectedly, the CERRA sys-

Fig. 5. Validation against observations in January 2017 (Taylor diagrams: R2 as radial
axis, STD as angular axis, centred RMSE contours in dashed grey).

193



Skrynyk O. et al.: Intermodel and method comparison of mean radiant . . . (181–200)

Fig. 6. Validation against observations in July 2017 (Taylor diagrams: R2 as radial axis,
STD as angular axis, centred RMSE contours in dashed grey).

tem showcased improved MRT precision for stations located at higher eleva-
tions compared to those on plain terrain, defying conventional expectations.
Moreover, no significant discrepancy was observed between the quadrature
and sunlit-average cossza integration methods. However, it is worth noting
that calculated total sky direct solar radiation exhibited slightly worse pre-
cision compared to the values obtained directly from the CERRA system
output. In conclusion, the CERRA system’s enhanced spatial resolution
offers a significant improvement in MRT estimation, particularly benefiting
elevated and coastal areas.

4. Discussion and conclusions

Different methods of integrating the cosine of the solar zenith angle (cossza)
show observed differences in estimations of MRT. Using the sunlit-average
cossza tends to be underestimated in winter and overestimated in summer,
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with magnified discrepancies during sunrise and sunset hours. However,
those disparities showed a neglected effect on mean radiant temperature
(MRT). These results are in line with previous findings (Brimicombe et al.,
2023; Brimicombe et al., 2022b; Hogan and Hirahara, 2015). Sunlit-average
cossza may be more applicable for climate services and quadrature for fore-
casting integration.

This is not the case when the direct solar downward radiation is used
directly from the CERRA system (Schimanke et al., 2021) and calculated
using the exponential ratio (Liljegren et al., 2008). The overall differences
(< 1 ◦C) are not that substantial (as evidenced by Figs. 5–7), while this
has significant importance for MRT daily maximums (even 6 ◦C for the
land area) and extremes in summer (Figs. 3 and 4, respectively). However,

Fig. 7. Mean bias of MRT from NWPs against observations with values in July 2017.
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the calculated version could be used when direct radiation is not available,
specifically for future shared socio-economic pathways and representative
concentration pathways (CMIP6 climate projections). It could be com-
pared with numerical methods for future thermal stress quantifications.

The MRT values are sensitive to the cosine of the solar zenith angle when
it’s close to 0. Determining an appropriate threshold for dividing cossza is
imperative to avoid significant errors in MRT estimates. Including down-
welling direct shortwave radiation to the CERRA variables outputs could
be very beneficial for quantifying thermal comfort and stress indices. Espe-
cially if elevation and topography could be considered in solar declination
angle for cossza calculations.

Daily minimum MRT derived from CERRA NWP systems was compara-
ble to ERA5-HEAT in winter. CERRA generally depicted higher values in
summer than ERA5-HEAT, with differences mostly within 10 ◦C. However,
exceptions were observed in some areas of northern Africa.

Validation against observations showed strong agreement between the
models and station observations. CERRA models performed comparably to
ERA5-HEAT in January and July 2017 for stations on flat terrain. Mean-
while, CERRA demonstrated reduced uncertainty and improved accuracy
and precision for elevated stations.

It is worth acknowledging that our study is focused on January and July
2017, and the model’s performance could vary in other years or under dif-
ferent meteorological conditions. Additionally, ERA5-HEAT has a much
larger resolution compared to CERRA (approx. 31 km and 5.5 km, respec-
tively). The results are reasonable for plains and plateaus, although this has
implications for elevated and coastal locations where the radiation budget
has been changed.

The CERRA system’s enhanced spatial resolution significantly improves
MRT quantification, especially in elevated and coastal areas. Beyond MRT
estimation and forecasting, potential applications include human biomete-
orological indices (PET, WBGT, UTCI), public health assessments, and
serving as a proxy for microclimate modelling in urban areas (e.g., ENVI-
met and SOLWEIG). Future research could explore comparisons with nu-
merical methods for thermal stress quantification and further investigate
the system’s performance in diverse geographical settings. Additionally, ef-
forts to improve direct solar radiation data integration into NWP systems

196



Contributions to Geophysics and Geodesy Vol. 55/2, 2025 (181–200)

could enhance the accuracy of temperature estimation and provide valuable
insights into climate change impacts on thermal comfort and health.

• High-resolution CERRA data (5.5 km) significantly improves MRT es-
timation accuracy, particularly in complex terrains (mountains, coasts),
compared to the coarser ERA5-HEAT dataset across Europe.

• While different cossza integration methods yield similar overall MRT re-
sults, the calculation or use of direct solar radiation notably affects sum-
mer maximum MRT values.

• This validated approach provides more reliable MRT inputs for ther-
mal stress assessments, especially in regions poorly represented by lower-
resolution models.
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